ABSTRACT A dual-band quadrature branch line coupler (BLC) with wide frequency ratio has been proposed in this paper. A dual-band quarter wave (λ/4) transmission line structure with wide frequency ratio operation has also been presented here with closed-form design equations. An analysis for the BLC's circuit parameters variations versus frequency ratio in the view of the implementation has been carried out as well. In order to the experimental verification, a dual-band BLC has been designed, implemented, and analyzed then tested for long term evolution (LTE) 0.7GHz and public safety band (PSB) 4.9GHz. The novelty of the proposed design is the wide frequency ratio of its dual-band operation, which can reach up to 11.8. 
I. INTRODUCTION
BLC is an essential component to design antenna array, Butler matrix, crossover and rectifier [1] - [4] . Various methods were proposed to reduce the size, enhance the bandwidth, harmonic suppression, phase control, phase compensation and wideband of the BLC [5] - [10] . Multiband BLC is a key component to design a multiband system, needed for the migration and up gradation of the wireless communication industry. Many structures and methods adopted to design dual band BLC such as T shaped TL [11] , [12] , π shaped TL [13] , center tapped stub [14] , coupled line (CL) with short stub [15] , parallel combination of CL and TL [16] , port extension [17] , [18] , CLs [19] - [22] , dual TL [23] , folding of TL [24] , and CL with TL [25] . The techniques for dual band BLC presented in [11] - [25] are applicable only when the frequency ratio (k) between two operating frequencies is ≤4. However, for frequency ratio >4, the existing techniques are not suitable. This limitation makes them unsuitable for certain dual band operations such as LTE0.7GHz and PSB 4.9GHz, LTE0.7GHz and wireless local area network (WLAN) 5.8 GHz. These dual band operations can be performed by the proposed BLC. The proposed BLC is capable of carrying out dual band operation with wide frequency
The associate editor coordinating the review of this manuscript and approving it for publication was Kwok L. Chung. ratio (2.9 -11.8). To realize the proposed BLC, a new dual band λ/4 TL structure having the ability to accomplish wide frequency ratio operation is proposed as well. The proposed BLC is developed by replacing each ±90 • TL of the single band BLC by the proposed dual band λ/4 TL structure, Fig.1 , where Z Ei(i=1,2) , Z Oi(i=1,2) and θ are the characteristics even, odd mode impedances and the electrical length of the CLs respectively. An open stub of electrical length θ has characteristic impedance Z Mi(i=1,2) is connected to both the edges of the proposed BLC's constituting CLs. The proposed BLC offers several benefits which are summarized as 1) capable of performing dual band operation for 2.9 ≤ k ≤ 11.8; 2) simpler design approach and equations. A dual band BLC for LTE0.7GHz and PSB 4.9GHz is developed to verify the proposed method.
II. PROPOSED DUAL BAND QUARTER WAVE TL
A single band quarter wave TL (Z C , ±90 • ) and the proposed dual band quarter wave (λ/4) TL structures are depicted in Fig.2 . The dual band quarter wave TL structure has two open stubs (Z M , θ ) connected at the edges of the CL (Z E , Z O , θ ). However, it is important to mention here that employing open stub of different Z M value according to the requirement, enhance the ability of the structure to perform wide frequency ratio operation. The proposed dual band quarter wave TL structure is symmetric and performs an equivalent function to the conventional λ/4 TL at two frequencies. Therefore, an even and odd mode analysis is inducted to obtain the closed-form design equations for the dual band quarter wave TL. Both the quarter wave TLs are considered equal for the even and odd mode analysis.
A. EVEN MODE ANALYSIS
Both the even mode half circuits of the conventional TL and the proposed dual band λ/4 TL are depicted in Fig.3 Z IN2 are obtained as (1) and (2).
Both the even mode half circuits are considered equivalent. So, their impedances are also considered equivalent. Therefore,
Now, (3) is rewritten as (4) after putting the values of Z IN1 and Z IN2 from (1) and (2) in (3).
Solving the (4) for Z E , we have (5) .
B. ODD MODE ANALYSIS
The odd mode half circuit of the traditional λ/4 TL is a short stub has electrical length ±45 • and the dual band quarter wave TL is the parallel combination of a short and open stub having electrical length θ, depicted in Fig.4 . Let Z IN3 and Z IN4 are impedances of the odd mode half circuits of TL and proposed dual band quarter wave TL structure respectively. By applying TL equations Z IN3 and Z IN4 are obtained as (6) and (7). 
Both the odd mode half circuits are considered equivalent. So, their impedances are also considered equal. Therefore, (6) and (7) in (8) .
Solving the (9) for Z O , we have (10) . 
C. DUAL BAND OPERATION
The proposed λ/4 TL structure is carried out dual band operation. So, (5) and (10) must valid at two frequencies. f 1 and f 2 are considered as the operating frequencies having electrical length θ 1 and θ 2 respectively. For the single band BLC, TL of electrical length +90 • or −90 • can be chosen. Here we are considering both the cases, at frequency f 1 it is equal to 90 • TL and at frequency f 2 it is equal to the −90 • . Now, (5) and (10) are rewritten as (11) and (12) at frequency f 1 and f 2 respectively.
Equation (11) and (12) are valid when,
for, p = {1,2,3,4...}. For the compact size p = 1 has been taken. Let k is the ratio of the operating frequencies f 2 and f 1 . Then, k can be obtained as:
Solving (13) and (14) value of the θ 1 and θ 2 are obtained as (15) and (16) .
Finally, Z E and Z O are obtained as (17) and (18) at frequency f 1 and f 2 respectively, by putting the value of θ 1 and θ 2 from (15)- (16) into (11)- (12) .
(17)
The CL's Z E and Z O value can be obtained using the (17) or (18) . Z E and Z O values will be same either apply (17) or (18) . However, (17) and (18) represent the Z E and Z O at frequency f 1 and f 2 respectively.
The proposed dual band λ/4 TL structure is modified further to empower it to for the wide frequency ratio operation by connecting a parallel combination of two open stubs at both the terminals of the CL, Fig.5 . However, open stub's characteristic impedance is selected such that equivalent impedance of the parallel stubs remains the same as it is in Fig. (2) . Therefore, Z' M = 2 * Z M . This modified structure is needful when the CL's characteristics even and odd mode impedances are in realizable range for a low value of the characteristic impedance for the corresponding open stub. For 10 ≤ Z M ≤ 20 , Fig.5 should be utilized to design the proposed dual band BLC.
III. DESIGN AND IMPLEMENTATION

A. CIRCUIT'S PARAMETERS ANALYSIS
The implementation of the proposed BLC depends on the Z Ei(i=1,2) , Z Oi(i=1,2) and Z Mi(i=1,2) values. The BLC design approach is empowered by properly choosing the Z Mi(i=1,2) and the dual band quarter wave TL structure. However, it is important to mention here that coupling coefficient (C) of the CL should be <−6dB [26] for the implementation of it. Therefore, for the BLC implementation, the constituting CLs' coupling coefficient (C i(i=1,2) ) should be <−6dB which leads to even and mode characteristic impedance ratio (r i(i=1,2) ) should be between 1 to 3.01. For (r i(i=1,2) ) < 1, the CLs will become uncoupled. Figs.6-7 have been drawn for Z Ei(i=1,2) and Z Oi(i=1,2) variations versus frequency ratio for different values of Z Mi(i=1,2) by applying (17)/(18). In addition, for the BLC's constituting CLs, an analysis for C i(i=1,2) and r i(i=1,2) has been carried out in Table.1 and Table. 2 for different values of Z Mi(i=1,2) at specific frequency ratios. Figs.6-7, Table.1  and Table. 2 can be used as a guide to design the proposed BLC for different frequency ratios. It has been found during the analysis that the proposed BLC is most suitable for frequency ratio 2.9 -11.8 by utilizing the proposed dual band quarter wave structures and choosing a suitable Z Mi(i=1,2) .
B. IMPLEMENTATION
For the experimental verification, a dual band BLC for LTE0.7GHz and PSB4.9GHz has been designed using advanced design system and implemented on Rogers5870 whose dielectric constant and thickness are 2.33 and 0.787mm respectively. Components values of the BLC are obtained by applying (14) - (18), and physical dimensions have been listed in Table. 3. A photograph of the fabricated BLC is shown in Fig.8 .
IV. RESULTS AND COMPARATIVE ANALYSIS
Simulation and experimental results of the proposed BLC are shown in Fig.9 . A close agreement between the simulation and experimental has been observed. Equal power division at the output port has been obtained for LTE frequency ± φ, where φ is the phase deviation) while maintaining the >13dB return loss (|S 11 |) and >17dB isolation (|S 41 |). Equal power division at the output port has been obtained for PSB 4.9GHz (4.940 -4.990GHz) with maximum 0.14dB amplitude imbalance and 2.69 • quadrature phase deviation while maintaining the > 12dB return loss and > 13dB isolation. A satisfactory bandwidth 28.1% at frequency f 1 and 4.1% at frequency f 2 have been attained. However, >10dB return loss and isolation has been set as a benchmark to calculate the bandwidth. A comparative analysis between the existing BLCs and proposed BLC has been done in Table. 5. It has been reported that the proposed BLC perform the dual band operation with wide frequency ratio than the existing BLCs.
V. CONCLUSION
A dual band BLC with wide frequency ratio (2.9 -11.8) has been proposed in this paper. A dual band λ/4 TL structure has also been proposed with complete derivation for the closed form design equations. Specifically, a dual band BLC is designed, implemented for LTE0.7GHz and PSB4.9GHz band and experimentally verified. Compared to the existing BLCs the proposed BLC is novel in terms of operating frequency ratio range. Apart from it, dual band BLC for LTE0.7GHz and WLAN5.8GHz, Global System for Mobile communication 0.9GHz and WLAN5.4GHz, LTE0.7GHz and WLAN5.4GHz operations may be developed by applying the presented technique. In addition, the proposed dual band λ/4 TL structure may be used to design other passive components with wide frequency ratio, e.g., dual band Gysel power divider, Wilkinson power divider. 
